Almost all studies of the immune system of animals with metamorphosis have focused on either larval or on adult immunity, implicitly assuming that these traits are either perfectly correlated or evolutionarily independent. In this study, we use 80 crosses among 21 Drosophila melanogaster lines to investigate the degree and constancy of genetic correlation in immune system activity between larvae and adults. The constitutive transcription of Diptericin, a gene encoding a defensive antimicrobial peptide, was controlled by the same genetic factors in larvae and adults, with variation in expression determined exclusively by nonadditive genetic effects. This contrasted with another peptide-encoding gene, Drosomycin, in which larval transcription was highly variable and determined by additive effects but adult transcription genetically invariant. We found no evidence for a fitness cost to the transcription of these genes in our study. The shared genetic control of larval and adult Diptericin transcription stands in contrast to predictions of the adaptive decoupling hypothesis, which states that distinct life-stages should permit the independent evolution of larval and adult phenotypes. Importantly, genetic correlations between larval and adult immunities imply that parasite pressure on one life-stage can drive the evolution of immunity (and resistance) in the other life-stage.
Introduction
The insect immune system is currently the subject of intense study, attracting the attention of researchers from fields as diverse as evolutionary ecology, control of insect-vectored human disease, management of agricultural insect pests and fundamental immunology (e.g. Vilmos & Kurucz 1998; Rolff & Siva-Jothy 2003; Bulmer et al. 2009; Welchman et al. 2009 ). Much of this work has been focused on holometabolous insects (i.e. insects with morphologically distinct larval and adult stages). However, almost all studies only focus on the immune function of one of the life-stages, either the adult or the larva, often because the insect is being used as a model (e.g. for vertebrate immunity) in a context where the totality of the insect life is not relevant or because only one of the two life-stages is 'important' in interactions with humans (e.g. only adult mosquitoes transmit malaria and only larval gypsy moths defoliate forests). Considering each life-stage at the exclusion of the other is reasonable if larval and adult immune phenotypes are genetically independent. However, if immune capacity in larvae and adults was genetically correlated, then selective pressures that are exerted on one lifestage could drive the evolution of immunity in the other life-stage. It would thus not be fully informative to consider each life-stage in isolation.
The adaptive decoupling hypothesis predicts that larval and adult traits should be independent of each other, specifically positing that metamorphosis has evolved to unlink distinct functional and morphologic stages and allows their independent adaptation to distinct environments or niches (Moran 1994) . Evidence for, and against, this theory is scarce and inconsistent. On the one hand, one study on tree frogs has shown that larval and adult sizes can be genetically correlated (Watkins 2001) . On the other hand, theory is supported by the absence of correlation between larval and adult phenotypes for clam shell growth (Hilbish et al. 1993) and heat tolerance in Drosophila buzatii (Loeschcke & Krebs 1996) . In this latter desert-inhabiting species, the authors showed that artificial selection for increased resistance to heat in one life-stage had no influence on the evolution of the same trait in the other life-stage. To our knowledge, there has to date been no study investigating the evolutionary genetic relationship between immunity in larvae and adults. Collecting such data is however critical: genetic links, by coupling the evolution of larval and adult resistance, could have broad consequences for epidemiology and the evolution of the interaction between the host and its numerous parasites.
It is unclear whether we should expect larval and adult immunities to be controlled by the same genetic factors. On the one hand, the traits of Dipteran larvae and adults-including immunity-can be genetically correlated. Indeed, selecting lines of Aedes aegypti mosquitoes for faster larval development also leads to the evolution of lower adult immune capacity, as revealed by the decreased ability of adult females to melanize sephadex beads (Koella & Boete 2002) . On the other hand, we know in Drosophila melanogaster at least one gene involved in larval immune signalling is dispensable in adults (Petersen et al. 1999) . Bacterial challenge does not elicit the production of antimicrobial peptides [AMPs, effector molecules that defend insects against bacterial and fungal pathogens (Lemaitre & Hoffmann 2007) ] in D. melanogaster larvae mutant for the transcription factor Serpent (Petersen et al. 1999) . However, the same mutation does not prevent adults from mounting an immune response, illustrating a genetic difference in the regulation of immune systems of adults and larvae. Here, we investigate potential phenotypic differences in the genetic architecture of larval and adult immunities in Drosophila melanogaster using controlled crosses and a quantitative genetics approach. This methodology is not only powerful at identifying the constraints that determine evolutionary trajectories but also quantifies the nonadditive genetic components of trait control (i.e. the phenotypic effects attributable to specific combinations of alleles) and therefore informs on the potential for response to selection (Lynch & Walsh 1998) .
In this work, we followed a half-diallel design (Lynch & Walsh 1998) crossing males from 5 lines to females from 16 other lines. Larval and adult immune gene expression was tested in the progeny (F1) of each of these 80 crosses. We assayed constitutive immune system activity (i.e. in the absence of experimental immune challenge) in flies by measuring transcription levels of genes encoding two AMPs, Diptericin A and Drosomycin (as in Fellous & Lazzaro 2010) . The expression of these two peptide genes during infection is regulated by the two major humoral immune signalling pathways in Drosophila, the Toll and Imd pathways (Lemaitre & Hoffmann 2007) . Although we are measuring constitutive expression of the two genes, their expression levels should give a general inference of antimicrobial immune levels. Transcription levels of defence genes are thought to reflect immune system activity and, as such, are a frequently used measure of invertebrate immune quality (e.g. Peng et al. 2005; Freitak et al. 2007; Wigby et al. 2008) . Upon bacterial infection, D. melanogaster genotypes that constitutively express antimicrobial peptide genes at the highest level are the best at controlling bacterial proliferation (Sackton et al. 2009 ) and, in Aedes aegypti, the constitutive up-regulation of several immunity genes associates with better resistance to bacterial and filarial pathogens (Kambris et al. 2009 ). By comparison with other immunological techniques, assaying constitutive immunity by measuring AMP gene expression in our study has the benefit that it can be performed in an identical fashion in adults and larvae. To test the hypothesis that investment into the immune system may come at a cost expressed in other traits (Zuk & Stoehr 2002) , we also measured two life history traits. We recorded the speed of larval development-using the age at adult emergence-and the size of the adult by individual dry weight.
Materials and methods
The 21 isofemales lines of Drosophila melanogaster that we used for the crosses were founded from 21 single females caught in the Ithaca, NY, USA, region 4 years before the beginning of the experiment (c. 100 generations of inbreeding). Following a half-diallel design, we crossed males from 5 lines with females from 16 lines (i.e. 80 distinct crosses) and recorded the phenotypes of their F1 offspring. All F1 offspring in this crossing structure are completely outbred. We took great care to keep the rearing conditions of these 21 parental lines identical and un-crowded during the two generations prior to the experiment. For each cross, we put together 7 or 8 virgin males and 13 to 15 virgin females that were 3 days old (±1 day). These adults were kept together for 24 h on standard medium (defined below) before they were allowed to lay eggs on grape juice medium for 24 h. This medium stimulates oviposition and, because of its dark colour, allowed us to easily spot and capture single first-instar F1 larvae. After 24 h on the grape juice medium, parents were put back on standard yeast medium where they remained for 2 days until they were offered the opportunity to lay eggs on grape juice medium for another 24 h. We collected the F1 larvae 1 day after the end of oviposition period and transferred groups of 20 larvae into vials containing standard medium. In total, we collected 8 groups of 20 larvae per cross, which were placed on 8 trays that each contained 1 vial of larvae from every cross. These trays will be subsequently referred to as 'replicate' trays. Three of these replicate trays were used to assay larval immune gene expression, three were used to assay adult immune gene expression and two were used to assay the life history traits.
From the vials that were devoted to the study of larval immunity, we collected six foraging, late third-instar larvae. In the vials that were devoted to the study of adult immunity, six females were sampled 5 days after the emergence of the last adult in the vial. Immune phenotypes were measured in unsexed larvae and exclusively female adults. This design is conservative with respect to discovering phenotypic correlations across life-stages if there are sex differences in immune gene expression and has minimal impact on our results and conclusions. Larvae and adults were frozen at )80°C <30 min postsampling. The vials devoted to life history trait measurement were checked up to three times every day for the presence of newly emerged adults. All adult males and females from each vial were transferred to a new vial containing fresh media upon emergence, such that all adults were housed with their vial-mate siblings for the duration of the study. We froze ()20°C) five males and five females from each of these vials 5 days after the emergence of the last adult. These adults were then dried overnight in a oven at 60°C. Groups of males and females from the same vial were weighed separately to the nearest 0.0001 mg so as to estimate the average individual dry weight per sex. Throughout the experiment, all flies were kept in an incubator at 21°C, with 12 h of light per 24 h, on standard food medium containing 0.059 g of glucose, 0.0785 g of dead yeast, 0.0094 g of agar and 0.94 ml of water per mL of medium, as well as 0.3% propionic acid and 0.03% phosphoric acid to inhibit microbial growth (Fellous & Lazzaro 2010) .
Quantification of gene transcription
We used quantitative PCR (qPCR) to quantify the constitutive expression of Diptericin and Drosomycin, standardized to the expression of a housekeeping gene, rp49. We used standard protocols for RNA extraction, reverse transcription and qPCR amplification (Fiumera et al. 2005; McGraw et al. 2007) . Briefly, total RNA of each group of larvae or adults collected from a given vial was extracted in 96-well plates using RNeasy 96 kits (Qiagen), and oligo-dT-primed cDNA was synthesized by reverse transcription (reagents from Promega). This cDNA served as the template for the qPCR. AMP transcript abundance was measured on an ABI Prism 7000 (Applied Biosystems) according to the manufacturer's protocols, with amplification products visualized using fluorescent probes (Diptericin A) or SYBRgreen (Drosomycin and rp49). Gene expression was quantified as a function of the number of PCR cycles necessary to reach a fluorescence threshold (CT value; see Statistical methods below). The amplification plot of every reaction was carefully examined; we excluded reactions whose amplification slopes indicated inefficient amplification (Lutfalla & Uze 2006) . The final data set consisted of 348 reactions for Diptericin, 453 for Drosomycin and 474 for rp49. The primer sequences used in qPCR amplification are as follows. Drosomycin: Forward 5¢ CTGCCTGTCCGGAAGATACAA 3¢, Reverse 5¢ TCC-CTCCTCCTTGCACACA 3¢; these primers are specific to the Drosomycin gene and would not amplify any Drosomycin paralogues (numbered from 1 to 6) (Tian et al. 2008) . Diptericin: Forward 5¢ GCGGCGATGGT-TTTGG 3¢, Reverse 5¢ CGCTGGTCCACACCTTCTG 3¢ and Probe 5¢ TTTGCAGTCCAGGGTC 3¢; these primers are specific to the Diptericin A gene and would not amplify its Diptericin B paralogue. Rp49: Forward 5¢ AGGC CCAAGATCGTGAAGAA 3¢, Reverse 5¢ GAC-GCACTC TGTTGTCGATACC 3¢. Dissociation curves were recorded for qPCRs of all three genes to ensure that nonspecific priming and amplification was not occurring.
Statistical methods
In our first approach to the data, we analysed each trait separately. We then focused on the links between traits. For immunity traits, our response variables were the CT values of Diptericin and Drosomycin after removing the effects of experimental variables that were not of biological interest (e.g. RNA extraction efficiency). To achieve this, we first modelled immune gene expressions using as explanatory factors the CT of the housekeeping gene rp49, the identity of the replicate tray, the identity of the RNA extraction plate, the life-stage and the interaction between the life-stage (larvae or adults) and the CT of the housekeeping gene. Replicate tray and plate identities were treated as random factors. This first model accounts for stochasticity and nonbiological variance in the data collection by allowing us to scale nucleic acid extraction yield using the expression of a housekeeping gene [similar to the DDCT method (Lutfalla & Uze 2006) ] and allowing the simultaneous control of experimental covariates that were not of biological interest. We used the residuals from these initial models in all further analyses of genetic variation in antimicrobial gene expression. To test for genetic contributions to immune gene expression phenotypes, these residuals were then analysed as the response variable in a series of mixed-effect models (REML method) that contained the identity of the maternal and paternal lines, the life-stage at which the trait was measured and all interactions among these factors. More complex models evaluating genetic effects and experimental covariates on raw expression data yielded results similar to those obtained with the approach described here (data not shown). The life history traits of individual age at emergence and adult dry weight were analysed with similar models using raw data (i.e. not residuals). These models also included the identity of the vial and the replicate tray in which the flies had developed, as well as the sex of the individual and the interactions of sex with parental genotype. Maternal and paternal factors and all interactions that contained them were treated as random factors and their significance was estimated by comparing the difference of the -2 loglikelihood of the models with and without the factor to a chi-square distribution with one degree of freedom (Pinheiro & Bates 2000; Crawley 2002 ). The significances of fixed factors were tested with F tests. Homoscedasticity and normality of the residuals were confirmed to comply with the assumptions of analysis of variance.
We were specifically interested in testing the genetic correlation in immune traits across life-stages. To determine the genetic correlation between larval and adult expression of Diptericin, we followed Astles et al. (2006) method #5 (Astles et al. 2006 ) (eqn 1). We calculated the ratio of the genetic variance components explaining gene expression across life-stages (i.e. the effects of the maternal and paternal lines and their interaction) divided by the variance components of the interactions between life-stage and the genetic factors.
We calculated separately the inter-life-stage correlation based on pure additive genetic effects (i.e. effects of the maternal and paternal lines only) and the correlation including nonadditive genetic effects (i.e. including the interactions between maternal and paternal lines). We did not calculate similar inter-life-stage correlation for Drosomycin expression because we found no detectable genetic variation for this trait at the adult stage.
To test for correlations among all traits, including between life history and immune traits, and between larval and adult expression of Diptericin, we additionally used family means and the framework of the linear model. We first calculated the full-family means for larval expression of Diptericin and Drosomycin, adult expression of Diptericin, male and female age at emergence and individual dry weight. For each relationship tested, we first regressed full-family means of trait A to trait B (model: Trait B = Trait A). This analysis had the advantage of being statistically powerful and takes into account nonadditive components of phenotypic variance. However, it may introduce of form of pseudoreplication when additive effects are involved because distinct crosses involve the same maternal or paternal lines. When the first model was significant, we therefore carried out a second, more conservative analysis: we included in the model the identities of the maternal and paternal lines, but not their interaction, as random factors ( 
Results

Analysis of single traits
Immune gene activity. Among the 80 crosses, mean Diptericin transcription varied by 8 Ct units in larvae and 7.5 Ct units in adults indicating an approximate 250-fold variation in gene activity. Gene expression was most strongly predicted by the interaction between the maternal and the paternal lines (Table 1, Fig. 1a) , which explained 10.5% of the total variance and more than 50% of the genetic variance. The influence of the parental genotype combination was similar on larvae and adults, as indicated by the nonsignificant three-way interaction with life-stage (P > 0.1). There were only mild main effects of the maternal and paternal lines that were consistent over life-stages: these two terms, respectively, explained 3.7% and 1.4% of the genetic variance (proportion of the phenotypic variance that is explained by genetic factors). However, the influence of paternal genotype on larvae and adults was not always the same, as shown by the significant interaction between paternal line and life-stage (Table 1, Fig. 1b) . This interaction is driven by a single parental line 'C', whose larval transcription was approximately twice that of adults (CT value lower by 1.1 units).
Drosomycin transcription patterns in larvae and adults were very different. The sole significant explanatory factor for variation in this trait was the interaction between the maternal line and the life-stage in which transcription was measured (Fig. 1c, Table 1 ). Mean CT values for the progeny of each maternal line ranged over 7 CT units in the larvae indicating an approximate 125-fold variation in gene activity. But, variation in the adult did not exceed 1.5 CT units, 2.8-fold variation in transcript level. Indeed, there was no significant genetic variation among families in adult expression of Drosomycin (P > 0.1). Larval expression was significantly predicted by maternal line (v 2 = 13.8, df = 1, P = 0.0002), but not paternal line (P > 0.1). Such difference between the effects of parental lines could in principle be attributed to 'maternal effects' (phenotypic differences because of environmentally mediated variation in maternal provisioning) or to maternal genetic influence. Because we carefully controlled the maternal and grand-maternal environments, the contribution is more likely to be genetic. The general conclusions of our study are unchanged regardless of the mechanism for the maternal contribution.
Life history traits. Of the 3200 first-instar larvae that were transferred to the vials dedicated to life history measurements, 3005 emerged as adults. Among the different crosses, the mean age at emergence varied from 7.8 to 8.9 days for male offspring and from 7.4 to 8.4 days for female offspring (Fig. 2a) . The paternal and the maternal line both influenced the speed of larval development, but there was no interaction between these two genetic factors, indicating that the primary genetic effects are additive. Maternal genotype had different effects on the development speed of male and female offspring, as shown by the significant interaction between maternal line and sex (Table 1 , Fig. 2a ). This interaction was mostly because of one maternal line (line 130) whose male progeny developed particularly rapidly, although when this line is excluded the interaction is still significant (v 2 = 4.05, df = 1, The mean dry weight of the flies from the different crosses varied from 0.24 to 0.32 lg for the males and from 0.42 to 0.62 lg for the females. The trait was significantly influenced by both maternal and paternal genotypes additively (Table 1) , although the interaction between the maternal and paternal line was not significant (P > 0.1). Both maternal and paternal genotype significantly interacted with the sex of the offspring in predicting mass, showing that these additive genetic components had different effects on male and female offspring.
Overall, genetic components explained about 60% of the total variance in offspring mass while vial and replicate trays only explained 7%, indicating that our experimental structure was well The interaction between the maternal and the paternal lines was never significant, but the interactions between parental lines and offspring sex were most often significant (see Table 1 ). Plotted values are family means; vertical bars indicate standard errors.
able to detect genetic effects over minor microenvironmental variations.
Correlations in immune gene activity across life-stages
To determine whether adult and larval transcriptions of Diptericin were significantly correlated, we followed the methodology described by Astles et al. (2006) . We quantified the genetic correlation between larval and adult constitutive expression of this gene in two fashions: we first included all genetic components (additive, dominance and epistasis) then restricted the analysis to additive effects only. We found a strong inter-life-stage correlation r = 0.65 when all genetic components were included in the analysis (Fig. 3a) . However, the correlation was only r = 0.091 when we only included additive genetic factors, as expected from the highly significant interaction between maternal and paternal genotype in predicting Diptericin expression described above. We continued this analysis by using full-family means and linear regressions. The regression of full-family means of adult expression against larval values indicated a significant relationship (F 1,68 = 8.61, P = 0.0047), confirming the genetic correlation observed above. A second more conservative model that included maternal and the paternal genotypes as random effects (see the Statistical methods section of Materials and methods) gave a similar result (F 1,68 = 8.62, P = 0.0045) and confirmed the importance of nonadditive factors in the correlation (P > 0.1 for maternal and paternal lines). Because of the lack of genetic variation for adult expression of Drosomycin, it was not possible to perform a similar analysis of this trait (Fig. 3b) .
Correlations among distinct traits
Constitutive expressions of both Diptericin and Drosomycin were significantly variable in larvae. We tested whether the larval expressions of these genes were genetically correlated, as might be expected if the genes were coordinately regulated or expressed in the same tissues. We used full-family means for this analysis, but found no relationship between these two traits (P > 0.1). In insects, slower developing larvae generally produce larger, heavier adults. This expected relationship holds true in our experiment, as age at emergence and adult dry weight were positively correlated for both males and females (F 1,78 = 19.2, P < 0.001; F 1,78 = 8.57, P = 0.0045) (Fig. 4a, b) . For males, the regression remained significant when the parental genotypes were included in the analysis (F 1,70 = 10.8, P = 0.002), although this was not true for females (F 1,66 = 0.76, P = 0.38). Maternal and paternal lines were significant predictors of size and development time in offspring of both sexes (v 2 > 3.9, df = 1, P < 0.05).
It has been frequently hypothesized that constitutive expression of immune genes comes at a cost to other life history traits (Zuk & Stoehr 2002) . To test this, we investigated the links between transcript numbers and our two life history traits. The only significant relationship we discovered was a weak correlation between the dry weight of male offspring against the larval expression of Drosomycin (F 1,77 = 4.32; P = 0.041). Given the marginal significance of this result and the fact that Drosomycin expression was not related to the dry weight of female flies, we suspect this observation is the fruit of chance and multiple testing.
(a) (b) Fig. 3 Relationship between larval and adult transcriptions of (a) Diptericin and (b) Drosomycin. Symbols indicate the mean CT value of the offspring from the crosses corrected for experimental covariates. Larval and adult Diptericin transcription levels were significantly correlated, the correlation coefficient (r genetic ) is obtained from eqn 1 and P-value is from the linear regression between larval and adult values. Because adult Drosmycin transcription was not genetically variable, its correlation with larval transcription was not calculated.
Discussion
We measured the larval and adult constitutive activities of two genes encoding AMPs in offspring from 80 crosses of D. melanogaster lines. Larval and adult transcription levels of Diptericin were positively genetically correlated and controlled by nonadditive genetic factors (Fig. 3a) . We found additive genetic variation controlling the expression of Drosomycin in larvae, but there was no genetic variation for this trait in adults (Fig. 3b) , indicating that genetic control of constitutive Drosomycin expression differs between life-stages and making a formal test for any genetic correlation impossible. The duration of larval development correlated positively with adult mass (Fig. 4 ), but these traits did not correlate with the immune phenotypes we measured. The existence of a genetic correlation between larval and adult transcriptions of Diptericin (Fig. 3a) indicates that these two traits are controlled by the same genetic factors (i.e. they have a common genetic architecture). This observation contradicts the main assumption of the adaptive decoupling hypothesis (Moran 1994) . This theory states that organisms with distinct life-stages benefit from having a complex life cycle because it allows them the independent evolution of larval and adult phenotypes. Indeed, this hypothesis relies on the idea that, unlike Diptericin transcription in our study, larval and adult traits are genetically and ontologically independent. Our Diptericin result contrasts with the ones of a series of experiments on Drosophila buzzatii that showed the independent evolution of larval and adult tolerance to heat (Loeschcke & Krebs 1996) and other studies that did not find genetic correlation between larval and adult sizes in frogs and crustaceans (Hilbish et al. 1993; Johansson et al. 2010; but see Watkins 2001) . In contrast, our data indicate that genetic control of Drosomycin expression differs across life-stages. Overall, the main prediction of the adaptive decoupling hypothesis, that traits in different life-stages can evolve independently, seems to be true for some traits but false for others. We had no a priori reason to expect different genetic correlations for Drosomycin and Diptericin expression (and in fact might have naively expected them to show the same pattern of correlation). It is unclear to us how to predict in general whether a given trait will be consistent with adaptive decoupling.
The constitutive expression of AMP genes may be partially determined by the size of the tissue in which it is synthesized. The positive relationship between larval and adult transcriptions for Diptericin could thus indicate that such synthesizing organs are of similar proportional size in larvae and adults. Our observation that Drosomycin expression was genetically variable in larvae but not in adults may indicate a tight regulation in adults (e.g. by stabilizing selection) or primary expression in tissues present in one of the life-stages only [e.g. reproductive tissue; (Ferrandon et al. 1988)] . We previously reported different phenotypic plasticity in larval and adult AMP expression in response to the same larval dietary stimulus (Fellous & Lazzaro 2010) . Adult constitutive transcription of AMPs is thus probably independent of the size of organs already formed in premetamorphosis larvae. Variation in AMP expression at the whole-fly level may also reflect up-stream variation in the genes' regulatory cascades. Variation in such trans-regulation can result in a higher-order control of investment into immune function.
Resources allocation theory predicts that investment into immune function must trade-off with other life history traits (Stearns 1992; Zuk & Stoehr 2002) . Indeed, in several cases, immune capacity has been shown to correlate negatively with other fitness traits such as competitive ability and fertility (e.g. Kraaijeveld & Godfray 1997; McKean et al. 2008) . Such costs of immunity can be expressed in life-stages other than the one in which immune function is measured (Koella & Boete 2002) . In our experiment, we measured the speed of larval development and mass of the adults as estimates of fitness. Neither trait correlated genetically with adult or larval expression of Diptericin and Drosomycin. At the same (a) (b) Fig. 4 Relationship between age at emergence and adult dry weight for (a) females and (b) males. Symbols indicate mean offspring phenotype for each of the crosses. The coefficients of correlations (r) reported are obtained from the linear regression of dry weight to age at emergence.
time, we did not find any positive genetic correlation between constitutive AMP expression and fitness measures, as might be spuriously expected if the genotypes differed in general vigor (Fry 1993) . This general lack of correlations may have originated in at least three reasons. It is possible that constitutive expression of AMPs may be of very little cost and there may truly be no fitness trade-off. Alternatively, it is possible that our life history traits provided poor estimates of fitness, and that the measurement of other traits would have revealed a trade-off. Finally, the appearance of tradeoffs may depend on the experimental environment (Stearns 1992; Kraaijeveld & Godfray 1997; Zuk & Stoehr 2002) , and the generally un-stressful conditions in our experiment may have prevented us from detecting a trade-off. We also note that the strong sensitivity of age at emergence on micro-environmental variation (see Results) may have concealed a true relationship between AMP expression and fitness. While we cannot formally distinguish among these potential explanations with the present data, we can say conclusively that our data do not support any hypothesized fitness trade-off between constitutive immunity and other life history metrics in our experimental structure.
We find strong evidence that variation in constitutive expression of Diptericin is genetically correlated across life-stages. Shared genetic controls of larval and adult immunities could broadly impact the epidemiology and evolution of infectious diseases of both larvae and adults, even when the diseases themselves are specific to one of the two life-stages. The frequency and intensity of parasitic attacks on either life-stage could shape the selective pressures exerted on the immune system as a whole and consequently impact the evolution of defence in both life-stages, as well as the epidemiology of infection in both life-stages. These effects could be quite complicated, particularly if there are different adaptive premiums on host investment into immune function across the two life-stages or if evolved resistance to one pathogen results in susceptibility to another (Cotter et al. 2004; Wilfert et al. 2007) .
In order for phenotypic traits to respond to selection, however, phenotypic variation must stem from additive genetic variation (Lynch & Walsh 1998) . Even though larval and adult transcriptions of Diptericin were genetically correlated, the relationship was not based on additive genetic variation. Instead, the phenotypes depended on the specific combination of the maternal and paternal genotypes, indicating the importance of epistasis or dominance for the expression of this gene in this population. By contrast, larval expression of Drosomycin was exclusively determined by additive genetic variation. Previous studies on insect immunity revealed substantial additive genetic variation for immune function and exemplified evolutionary response to selection on host resistance to pathogens (Rolff et al. 2005; Wilfert & Schmid-Hempel 2008; Wegner et al. 2009 ). The sole control of immune function by epistasis or dominance may thus be the exception rather than the rule and would certainly depend on the specific population and traits under study. In summary, we believe that the scenario of parasite pressure on one life-stage driving the evolution of immunity (and resistance) in the other is realistic but probably not universal. Whether coupled evolution of resistance to larval and adult pathogens happens would be determined by the nature of the immune components involved in the insect-pathogen interactions and on the genetic composition of the focal population.
Conclusions
Our experiment showed that variation in larval and adult immune traits can be controlled by the same genetic factors across life-stages. This observation is at odds with the main prediction of the adaptive decoupling hypothesis, which states that distinct life-stages permit the independent evolution of larval and adult phenotypes. Shared genetic control of larval and adult immunities has potentially broad consequences for insect-pathogen dynamics: under this scenario, the evolution of pathogen-resistance in one life-stage could be influenced by the epidemiological dynamics of parasites specific to the other life-stage. The transcriptional activities of the two immune genes that we studied relied on different genetic architectures, with only one exhibiting shared genetic control in larvae and adults. This illustrates the need to understand in some detail the immune components involved in a given host-pathogen system before predicting whether coupled evolution of larval and adult immune defences may occur.
